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Abstract. Embryogenic evolution emulates in silico cell-like entities to get 
more powerful methods for complex evolutionary tasks. As simulations have to 
abstract from the biological model, implicit information hidden in its physics is 
lost. Here, we propose to use cell-like entities as a real-world in vitro testbed. In 
analogy to evolutionary robotics, where solutions evolved in simulations may 
be tested in real-world on macroscale, the proposed vesicular testbed would do 
the same for the embryogenic evolutionary tasks on mesoscale. As a first step 
towards a vesicular testbed emulating growth, cell division, and cell differentia-
tion, we present a modified vesicle production method, providing custom-
tailored chemical cargo, and present a novel self-assembly procedure to provide 
vesicle aggregates of programmable composition. 
Keywords: Embryogenic evolution, real-world testbed, vesicles, hard sphere 
colloids, DNA, programmability, self-assembly 
1 Introduction 
As evolvability is one of the central questions in artificial life (ALife), artificial evolu-
tion (AE) is one of its main aspects. AE is widely used in optimization problems [1]. 
Evolutionary algorithms (EAs) participating in an AE base on ideas from our current 
understanding of biological evolution and use mechanisms like reproduction, muta-
tion, recombination, and selection. Since direct encoding schemes where the pheno-
type of an individual is directly encoded in its genome no longer work for complex 
evolutionary tasks [2-4], an increasing number of researchers started to mimic biolog-
ical developmental processes in artificial systems. The genotype-phenotype-mapping 
becomes indirect by interposing developmental processes. To mimic the natural mod-
el in more detail, embryogenic evolution (EE) [5], also called computational evolution 
[2], simulates cell-like entities that develop into an organism, a neural network etc. 
Thereby the developmental processes crucially depend on the interactions between 
the entities typically relying on chemical signaling molecules, membrane receptors, or 
physical interactions between neighboring cells. EE systems are therefore testbeds to 
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study information guided processes that create higher-order assemblies of cell-like 
entities, whose overall function emerges from the interaction of their entities. 
Banzhaf et al. [2] stressed that AE should incorporate physics either in simulation 
or in real-world experimentation instead of trying to evolve problem solutions in a 
symbolic way. Although Miller and Downing [6] argued that non-conventional hard-
ware, rather than computer chips, may be more suitable for computer controlled evo-
lution, no real-world experimentation are realized in AE so far. If real biological cells 
are used to realize a real-world testbed, two arguments have to be considered: Their 
structure is complex and they consist of a myriad of interacting molecules. In contrast, 
vesicles are chemically well-defined and therefore easier to analyze and understand. 
Like real biological cells, vesicles feature an aqueous compartment partitioned off the 
surrounding by an impermeable lipid membrane. Like cellular membranes, vesicular 
membranes consist of amphiphilic phospholipids that link a hydrophilic head and a 
 
Fig. 1. Production of vesicles differing in their content. (A) The chemical structure of the phos-
pholipid POPC (= PC(16:0/18:1(∆9-Cis)). PC(16:0/18:1(∆9-Cis) is represented as a structural 
formula (front, left), as a skeletal formula (front, right), and as a schematic representation 
(back). The schematic representation is used throughout this publication. For a discussion of the 
relevance of the amphiphilic character of phospholipids in the formation of biological and 
artificial membranes see text. (B) Microwell plate in which the vesicles are produced. (C) The 
sample is composed of two parts: distinctly stained water droplets (Malachite Green and Eosin 
Y) in the oil phase and the bottom aqueous phase, which finally hosts the vesicles. (C.1) Due to 
their amphiphilic character, phospholipids, dissolved in mineral oil, stabilize water-oil interfac-
es by forming monolayers. Two monolayers form a bilayer when a water droplet, induced by 
centrifugation, passes the interface. Due to both the density difference of the inter- and intrave-
sicular fluid and the geometry of the microplate bottom, vesicles pelletize in the centre of the 
well. (D) The two vesicle populations differ only in intravesicular staining. (E.1, E.2) Light 
microscopic visualization of the two distinct vesicle populations stained by Malachite Green 
(E.1) and Eosin Y (E.2) that emerged in real-world experimentation. Staining persisted for 
days. Scale bars represent 100µm. 
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lipophilic tail (Fig. 1.A). Suspended phospholipids can self-assemble to form closed, 
self-sealing solvent-filled vesicles that are bounded by a two-layered sheet (a bilayer) 
of 6 nm in width, with all of their tails pointing toward the center of the bilayer (Fig. 
1.C.1). This molecular arrangement excludes water from the center of the sheet and 
thereby eliminates unfavorable contacts between water and the lipophilic (= hydro-
phobic) tails. The lipid bilayer provides inherent self-repair characteristics due to 
lateral mobility of its phospholipids [7]. As vesicles vary in size from about 50 nm to 
100 µm, mechanisms of interest such as self-assembly or information processing can 
be tested over a wide range of scale. This scale range, called mesoscale, is not yet 
very well understood scientifically. Many of the biological concepts fall in this me-
soscale range; the proposed testbed may therefore be of special interest in ALife. 
Their minimality and self-assembling and self-sealing properties make vesicles an 
excellent candidate for a testbed in which concepts of EEs can be set up and tested in 
the real world. Elaborated in vitro vesicle formation protocols [8-10] provide inde-
pendent composition control of the inter- and intravesicular fluid as well as of the 
inner and outer bilayer leaflet. Asymmetry in the inner and outer bilayer leaflet was 
realized by the production of phospholipid and polymer vesicles combining biocom-
patibility and mechanical endurance [9]. As a result of the analogy to natural systems 
and the compositional simplicity, artificial vesicles are the most studied systems 
among biomimetic structures [11] providing bottom-up procedures in the analysis of 
biological processes. Starting with distinct vesicle populations differing in content, 
size, and/or membrane composition, self-assembly of vesicle aggregates providing 
programmability of composition and structure may emulate growth, cell division, and 
cell differentiation. The potential of a programmable self-assembly of superstructures 
with high degrees of complexity [12] has attracted significant attention to nanotechno-
logical applications in the last decade. The high specificity of binding between com-
plementary sequences and the digital nature of DNA base coding enable the pro-
grammable assembly of colloidal aggregates. So far, cross-linkage based on DNA 
hybridization was proposed to induce self-assembly of complementary monohomo-
philic vesicles [13, 14] or hard sphere colloids [15-18], to induce programmable fu-
sion of vesicles [14, 19], or to specifically link vesicles to surface supported mem-
branes [14, 20-22]. 
Here, we present a new protocol for in vitro vesicle formation and membrane mod-
ification that increases the versatility of the underlying vesicle formation method by 
introducing microtiter plates and vesicle pelletization. Asymmetry in the inter- and 
intravesicular fluid was realized by vesicle staining. We contrast assemblies of hard 
sphere colloids and multivesicular aggregates to research the influence of material 
properties on the creation of higher-order assemblies of cell-like entities. We discuss 
how an asymmetry in intravesicular fluids in combination with vesicular assemblies 
of preprogrammed structure and composition may emulate cell differentiation and 
may be used as a real-world testbed for EE systems on mesoscale. 
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2 Material and Methods 
We performed self-assembly experiments of colloidal particles and vesicles in real-
world. The self-assembly process was based on the hybridization of single-stranded 
DNA (ssDNA) with which the surfaces were doped (Figs. 2, 3). By introducing a 
surface doping of distinct populations of ssDNA, as realized in the self-assembly of 
hard sphere colloids [23, 24], n-arity may be provided to the assembly process. 
Technical modifications of the vesicle formation protocol reported by Pautot et al. 
[9] were: (i) the introduction of 96-well microtiter plates U96 to increase procedural 
manageability in laboratory experimentation and (ii) a density difference between 
inter- and intravesicular solution to induce vesicle pelletization. Solutions of the ve-
sicle lumen and the surrounding medium were equal in osmolarity but differed in the 
size of dissolved saccharides (lumen: disaccharides, environment: monosaccharides) 
providing density differences between the lumen and the environment. For a descrip-
tion of the modified vesicle protocol see Figure 1. Vesicles were either made of 100 
percent PC(16:0/18:1(∆9-Cis)) (staining experiments, Fig. 1) or 99 percent 
PC(16:0/18:1(∆9-Cis)) and one percent biotin-PEG2000-PE(18:0/18:0) (1,2-
Distearoyl-sn-Glycero-3-Phosphoethanolamine-N-[Biotinyl(Polyethylene Glycol) 
2000]) (self-assembly experiments, Fig. 3). Doping of the vesicular surface was rea-
lized by anchoring biotinylated ssDNA to biotinylated phospholipids via streptavidin 
as a cross-linking agent. The mean particle size of the latex beads constituting the 
hard sphere colloid was 0.25 or 1.0 µm (Fig. 2). Their surface was streptavidin la-
beled off the shelf. The sequences of the DNA single strands were the same for the 
colloidal and vesicular self-assembly experiments. For a detailed protocol of the sur-
face doping procedure see Figures 2 and 3. The sequence of complementary biotiny-
lated ssDNA strands (α: biotin-TGTACGTCACAACTA-3’, α’: biotin-
TAGTTGTGACGTACA-3’) were produced by a genetic algorithm. Light and con-
focal laser scanning microscopy was performed using a Wild M40 inverted micro-
scope and an inverted Leica DMR IRE2 SP2 confocal laser scanning microscope. 
3 Results and Discussion 
3.1 Asymmetry in the Inter- and Intravesicular Fluid 
Vesicles were found to sediment and hence to be easily available for inverse micro-
scopy. Asymmetry of inter- and intravesicular fluid (vesicle staining, Fig. 1.E) per-
sisted for days (data of long-term observation not shown). Although vesicles are not 
able to differentiate, they can be prepared with specific content and then positioned 
specifically in space (see section 3.2). This allows to mimic the final result of a cell 
differentiation process. 
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Fig. 2. Schematic representation of the surface doping procedure and the self-assembly process 
of mono- and bidispersed spherical colloids. (A,a) Surface doping and self-assembly are rea-
lized in 96-well microtiter plates, providing parallel modification of up to 96 distinct bead 
populations. (B,b) The two populations of latex beads differ in fluorescent labeling (yellow-
green, red). (C,c) The surfaces of the latex beads are homogenously labeled with streptavidin. 
The two populations of beads are doped with single stranded DNA (ssDNA-α and ssDNA-α’) 
of complementary sequence (α, α’). (D,d) ssDNA covalently bound to biotin is non-covalently 
linked to the streptavidin labeled surface. (E,e) The two bead populations become merged 
(brace). (E.1,e.1) Beads come into contact. (F,f) Hybridization of DNA strands results in double 
stranded DNA and induces the assembly process. The self-assembly of monodispersed bead 
populations results in non-terminating aggregates (F), whereas aggregates are terminating in 
assemblies of bidispersed bead populations (f). (F.1,f.1) The lateral distribution of linkers is not 
affected by the assembly process (cp. Fig. 3). (F.2,f.2) Confocal laser scanning microscope 
visualization of the aggregates that emerged in real-world experimentation. 
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3.2 Assemblies of Hard Sphere Colloids and Multivesicular Aggregates 
In assemblies of two bead populations of equal concentration and size, large clusters 
of beads exhibiting regular patterns of red and green emerged (Fig. 2.F.2). If the bead 
populations differed in size and if the concentration of the larger beads exceeded the 
concentration of the smaller ones by a factor 10, small clusters were observed (Fig. 
2.f.2). 
When vesicles doped with complementary ssDNA came into contact, linkers ac-
cumulated in the contact phase forming an adhesion plaque (Fig. 3.G). Thus, the lat-
eral distribution of linkers in the outer leaflet becomes inhomogeneous as a result of 
the self-assembly process (cp. [25]). It is conceivable that an accumulation of linkers 
may result in self-termination of the assembly process. Thus, in contrast to assemblies 
of hard sphere colloids the size of the aggregates may be adjusted by variations in 
surface linker density. Adhesion plaques were found exclusively, if DNA strands 
were complementary and monovalent ions were present (data of control experiments 
not shown). No transfer of linkers between the membranes of different vesicles was 
observed (data not shown). ssDNA provides programmability, specificity, and high 
degrees of complexity [12]. Streptavidin offers the strongest noncovalent biological 
interaction known [26], an extensive range of possible vesicle modifications, compo-
nent modularity, and availability off the shelf. Phospholipid-grafted biotinylated PEG 
tethers feature lateral mobility [7], high detachment resistance [27], and no intermem-
brane transfer of linkers [13, 20]. The combination of phospholipid-grafted biotiny-
lated PEG tethers and streptavidin allows fast production of vesicles differently doped 
and avoids problems encountered in other approaches using cholesterol-tagged DNA 
to specifically link different vesicle populations by the hybridization of membrane-
anchored DNA [14]: (i) Because the processes of vesicle formation and vesicle mod-
ification are not separated (the cholesterol-tagged ssDNA have to be present during 
vesicle formation), the formation procedure has to be adjusted anew for each change 
in the vesicle modification. The procedural manageability in laboratory experimenta-
tion is reduced therefore. (ii) As discussed by Beales and Vanderlick [13] the choles-
terol anchors of the cholesterol-tagged ssDNA spontaneously leave the lipid bilayer 
and incorporate randomly into (other) lipid bilayers. Thus, in contrast to our linking 
mechanism specificity of linking is lost when using cholesterol-tagged ssDNA. 
3.3 How to Implement a Real-world Testbed for Embryogenic Evolutionary 
Systems on Mesoscale 
By using vesicles as entities of a real-world testbed for embryogenic evolution, some 
aspects of the developmental processes may be investigated and compared at the right 
scale (nano- and micrometer scale). At this mesoscopic scale, the physics are no long-
er intuitive. This makes such a testbed a valuable tool to understand the workings of 
(implicit) physical processes. 
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Fig. 3. Schematic representation of the membrane doping procedure, the vesicular self-
assembly process and micrographs of adhesion plaques. (A-C) Vesicle formation: for details see 
Fig. 1. Vesicles remain on the same microtiter plate during formation and membrane doping. 
(D) Vesicle populations become distinct by membrane doping. The membrane of the vesicles is 
doped with two complementary populations of single stranded DNA (ssDNA). (E) ssDNA 
covalently bound to biotin is non-covalently linked to phospholipid-grafted biotinylated polye-
thylene glycol tethers using streptavidin as cross-linking agent (cp. F.1). The vesicle popula-
tions differ in fluorescence labeling of the streptavidin (Alexa Fluor 488 conjugate (AF488)). 
(F) The vesicle populations become merged (brace). (F.1) The lateral distribution of linkers in 
the lipid membrane is homogeneous. Vesicles come into contact. Hybridization of DNA strands 
results in double stranded DNA and induces the assembly process. (G) Due to their lateral 
mobility, linkers accumulate in the contact zone forming an adhesion plaque – linker density 
inter adhesion plaques is reduced due to depletion. (G.1) Biotinylated phospholipids of the 
outer leaflet colocalize with the linkers. (G.2,G.3) Confocal laser scanning microscope (CLSM) 
and differential interference contrast micrographs of vesicular aggregates that emerged in real-
world experimentation. Accumulation and depletion of linkers are clearly visible in the CLSM 
micrograph. Scale bars represent 10µm. 
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Due to the programmable DNA-mediated self-assembly of vesicles of designer-
specified content, the emulation of cell differentiation becomes feasible. Although 
vesicles are not able to divide or grow, they can be prepared with specific content (see 
section 3.1), positioned in space (see section 3.2), and their content can be released on 
an external trigger [28] and may serve as signaling molecule triggering other 
processes. Already Noireaux and Libchaber [8] incorporated a transcription-
translation cell-free system into vesicles and were able to induce protein synthesis. 
The exchange of material between the vesicles is provided by inducing pores in the 
membrane. To induce pores several methods are available such as electroporation 
[29], phase transitions [30, 31], or protein channels/transporters [32]. 
We think that such a vesicular system will provide main aspects of intercellular 
communication and cell differentiation, but in contrast to biological systems, it would 
be simpler and better defined and therefore easier to be understood. 
4 Conclusion 
In this work we proposed to use multivesicular assemblies to test principles of EE 
systems in a real-world in vitro testbed. We developed suitable production methods 
for vesicles differing in chemical content and doped with different DNA-addresses 
and presented results of self-assembled multivesicular aggregates, as a prototypical 
example of information processing in distributed cellular systems. Although we still 
have a long way to go for self-assembling and working vesicular clusters with pro-
grammable and designer tailored properties, we think that our results illustrate a 
promising step towards interesting applications such as vesicular nano-robotics, adap-
tive materials or programmable chemical fabrication tools. Vesicles are scale inva-
riant and it is easy to produce vesicles from 50 nm up to 100 µm. Thus, one may 
transfer mechanisms investigated on the microscale also to the nanoscale. 
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